The distribution of lead (Pb) accumulated in the pteridophyte Blechnum niponicum, a Pb-hyperaccumulator, was measured using synchrotron-radiation micro X-ray fluorescence (SR-m-XRF) at BL37XU of SPring-8. From two-dimensional (2D) imagings of Pb at the root, petiole, leaf vein, pinna epidermis and sorus in the Blechnum niponicum, the mechanism for the transportation and accumulation of Pb can be suggested to be as follows: Lead is accumulated in conductive tissues. Most of the Pb solubilized in the rhizosphere is fixed in the conductive tissue, with the remainder being transported with the transpiration stream to the above-ground parts of the plant. Lead transported to the upper parts of the plant ultimately remains at the terminal points of the transpiration stream, including the stomatal apparatus and water pores; it was shown that these sections contain high concentrations of Pb.
Introduction
The use of plants in environmental cleanup technology, known as phytoremediation, 1 has attracted attention in recent years. For example, heavy metals as pollutants in soil are transported into the parts of the plant above the ground, and are then removed, which is especially called phytoextraction. Plants known as hyperaccumulators, 2 which accumulate selected elements, are indispensable for phytoextraction. Various hyperaccumulators have been reported: Pteris vittala L., 3 as a hyperaccumulator for arsenic, and Athyrium yokoscense 4 for arsenic and cadmium are well known among pteridophytes. Especially, P. vittala has advanced to the stage of practical use. 5 We have recently found that Blechnum niponicum of pteridophytes grown in disused mine areas, 6 where the concentration of heavy metal in soil is extremely high, can accumulate Pb with dry weight concentrations of several thousand mg kg -1 . Additionally, B. niponicum is an evergreen pteridophyte, which can grow in oligotrophic environments with poor sunlight.
Thus, B. niponicum has the possibility of year-round Pb removal as a Pb-hyperaccumulator.
On the other hand, to clarify the mechanisms of heavy metal transport and accumulation in such hyperaccumulators is an important aspect of fundamental research on phytoremediation, which could contribute to increased capacity and efficiency of heavy metal extraction. In order to elucidate these mechanisms, it is essential to specify the distribution of heavy metal accumulation at the organ and cellular level. Synchrotronradiation micro X-ray fluorescence (SR-m-XRF) spectroscopy is a powerful tool to reveal the elemental distributions in plants with mm-order spatial resolution. The distributions of heavy metals in various hyperaccumulators have been successfully analyzed by SR-m-XRF. [7] [8] [9] [10] [11] [12] [13] In the present work, we analyzed the Pb distribution in B. niponicum to understand its transport and accumulation mechanism of Pb using SR-m-XRF. This paper describes twodimensional (2D) imagings of Pb at the root, petiole, leaf vein, pinna epidermis, and sorus in the B. niponicum, and discusses the mechanism of transpiration and accumulation of Pb.
Experimental

Sample preparation
B. niponicum at about two months of post-sprouting was collected from a mine site of Ikuno (Hyogo, Japan). shows a schematic illustration of B. niponicum with the four sampling sections: (A) root cross-section, (B) petiole crosssection, (C) leaf vein and pinna lower surface epithelial cells, and (D) sorus.
For the pinna epidermal cells, because it was difficult to section parallel to the leaf surface, the epidermis was peeled and dried in a vacuum for measurement samples. For the other sections, the tissues fixed in formalin-acetic acid-alcohol (FAA) were sliced with about 50-mm thickness by a microtome. The sample sections were stuck onto double-sided tapes and mounted in a 20-mmf hole of a 40 ¥ 40-mm 2 acrylic sample holder. Figure 2 shows a schematic diagram of the X-ray optics for SR-m-XRF measurements at beamline BL37XU 14 of SPring-8. A quasi-monochromatic undulator first-harmonic beam emitted from the SPring-8 standard undulator (lu = 32 mm, B0 (max.) = 0.78Tesla) was monochromatized to 16.5 keV using a Si(111) monochromator. The monochromatized beam was focused by a Kirkpatrick-Baez (K-B) mirror system into a 2.8 (horizontal) ¥ 1.8 (vertical)-mm 2 microbeam at the sample position. Samples were exposed to the microbeam at ambient temperature and pressure. Fluorescent X-rays emitted from the samples were detected by a silicon drift solid-state detector (SDD) with an estimated energy resolution of 19.5 eV in the Pb La region. The measured fluorescent X-rays were Pb La (10.6 keV), Zn Ka (8.6 keV), and K Ka (3.3 keV). The reason for the Zn Ka measurement was to clarify the behavior of the pollutant Pb with the nutrient Zn, and for a K Ka measurement to clearly observe the cell shapes in the samples. The 2D-imagings of Pb, Zn, and K distributions in the samples were obtained by scanning the sample stage along the x-y axes during fluorescent X-ray detections. The scanning ranges were tuned at 200-mm squares with 2-mm steps, 500-mm squares with 5-mm steps, or 800-mm squares with 5-mm steps. The average measurement time was 87 min, and sample decomposition by the SR-irradiation was negligible during the measurements. Details of the SR-m-XRF system are reported elsewhere.
SR-m-XRF measurements
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Results and Discussion
Root cross-section Figure 3 shows an optical microscope image and 2D-images of the K, Zn, and Pb distributions in the root cross-sections. The white area at the center of the optical microscope image is the stele, where tubular vascular bundles are concentrated. Water and inorganic nutrients are transported along these vascular bundles. It was observed that zinc was dispersed in the epidermis, vascular bundles and cortex, while lead was locally accumulated in the epidermis and parts of the vascular bundles, but was not observed in the cortex. Most of the lead taken up from the rhizosphere soil was deposited in the vascular bundles, and it was conjectured that the remaining soluble lead rose to the parts of the plant above the ground. Different accumulation behaviors were observed for lead and zinc, which may be explained based on the mobilities of the two elements: zinc has a relatively high mobility, while lead is thought to have a low mobility. In the soil where B. niponicum was collected, the concentrations of lead and zinc were greater than 1000 mg kg -1 . Because the roots are continuously exposed to these high levels of lead and zinc, it is thought that they are stably deposited in the root epidermis. Figure 4 shows an optical microscope image of the petiole cross-section with the four sections (1, upper epidermis; 2, lower epidermis; 3, meristele; 4, dictyostele) for the elemental 2D-image measurements.
Petiole cross-section
Since the samples were of plants that had been growing on a mine site, the possibility of surface contamination by soil particles containing heavy metals must be taken into account. In order to determine the effect of surface contamination, elemental imaging of the upper and lower epidermis was conducted. Figures 5(1) and (2) show optical images and elemental 2D-images of the upper and lower epidermis, respectively. In images of the upper epidermis (1), potassium is distributed throughout the petiole; the configuration of the tissue is clearly shown. Since zinc is an essential nutrient, it is distributed throughout the tissue, similarly to potassium, and its X-ray intensity is low. The distribution of lead clearly differed from those of potassium and zinc, and it was not detected in the epidermal cells. In the images of the lower epidermis (2), potassium is distributed throughout the petiole, similarly to the upper epidermis, while zinc is clearly accumulated on the lower surface. The latter is due to the fact that zinc is a structural component of carbonic anhydrase, which is involved in photosynthesis. Lead was not detected. Thus, it can be concluded that surface contamination from soil particles at the mine site did not affect our measurements.
In the images of the upper epidermis (1) lead is present in a hair-like appendage, which corresponds to a scale (multicellular hair). Some kinds of plants tend to exclude excess or harmful elements into their appendages, such as trichome. 7 In the case of B. niponicum, there is a high probability of a special physiological mechanism for the deposition of absorbed lead in the scale. Figures 5(3) and (4) show optical images and elemental 2D-images of the meristele and dictyostele, respectively. Organs thought to be vascular bundles are present. Since the sizes and configurations of the vascular bundles differed in the meristele and dictyostele, both were imaged. The images of the potassium, zinc and lead distribution all showed strong annular X-ray intensity, representing the vascular bundles. Potassium is distributed throughout, and is seen in the parenchyma tissues as well as in the vascular bundles. Most of the zinc is observed in the vascular bundle area, with traces being detected in the surrounding parenchyma tissue. The distribution of lead that differed from that of zinc in that deposition was observed only in the vascular bundle area and not at all in the surrounding parenchyma tissue. In addition, the X-ray intensity of lead is extremely high, which indicates that lead is retained in the tracheid wall. It is thought that the lead is retained during transportation. The same trends were observed in the dictyostele (4), with high annular X-ray intensities. Thus, similar areas in 3 and 4 are vascular bundles with the same functions, and lead is deposited in the tracheid walls of the vascular bundles. Figure 6 (1) shows an optical image and 2D-images of the Pb distribution in the three sections (1, water pore; 2, middle; 3, near the pinna axis) of the pinna vein. A clear difference in the X-ray intensity is observed between the pinna axis and the water pore at the edge of pinna. It was concluded that lead reaching the pinna vein via the tracheids is transported with transpiration stream to the end of the pinna vein, and deposited at the water pores. When the ambient humidity is high and the release of water vapor by transpiration is impaired, excess moisture inside the plant is excreted from the water pores. On the other hand, stomata are well known apparatus of plant leaves, and are the terminal point of transpiration stream. In order to clarify the relationship between transpiration stream and lead deposition areas, imaging of the stomata and surrounding epidermis of B. niponicum was carried out. Figure 6 (2) shows an optical image and the elemental 2D-images in the stomata and surrounding epidermis. Potassium is distributed in the areas corresponding to the stomata in the optical microscope image, and the configuration of the guard cells can be seen. For zinc, there are areas at the guard cells where the X-ray intensity is somewhat elevated, but these are traces only. In contrast, the image of lead distribution, similarly to that of potassium, shows the configuration of the guard cells; however, the contrast between the epidermal cells and the guard cells is more clearly delineated than for potassium. This clearly shows that lead is transported to and deposited on the guard cells from an early stage of plant growth. Figure 7 shows an optical image and the elemental 2D-images in the sorus. The distribution of zinc in the sorus is distinct, and the location of two sporangia in the center is clearly seen. Zinc is observed at relatively high levels in spores (red flecks). In contrast, in the distribution image of lead, the spores are observed to be dark. Figure 8 shows a dispersion graph of lead and zinc for their X-ray intensities in all mapping points in (1) shows the optical image and the 2D-images of the Pb distribution in the three sections (1, water pore; 2, middle; 3, near the pinna axis) of the pinna vein (site C in Fig. 1 ).
Pinna veins and pinna surface
Sorus
Lower panel (2) shows the optical image and the elemental 2D-images in the stomata and the surrounding epidermis. sorus. We can see that there are two kinds of groups in this graph. The one group is pertinent to the area where the X-ray intensity ratio of lead to zinc is higher than three. This area is equivalent to the upper part from the red line, where the ratio of X-ray intensity of lead to zinc is three. The point included in this area corresponds to the epidermis of sorus, and it is shown in red, orange or yellow dot in 2D-image. The upper right of 2D-image is equivalent to the root of sporangia, and the accumulation of lead is remarkable in this part. As for lead, it seems to be interrupted to move to the sporangia here. However, lead has not transferred to the left lower quadrant of the epidermal because the mobility of lead is low. The other group is pertinent to the area where the X-ray intensity ratio of lead to zinc is less than three. This area is equivalent to the lower part from the red line. The point included in this area mainly corresponds to the sporangia, and it is shown in light blue, blue or dark blue dot in 2D-image. Zinc is an essential element, and its mobility in the plant is relatively higher than lead, therefore it is thought that zinc moves easily to the spore. On the other hand, lead is a toxic element, and its mobility is lower than zinc; therefore, it is thought that it stays in the epidermis of sorus. In addition, because the sorus is an organ to continue life to the next generation, a certain mechanism to pass the essential element and keep out any harmful element might exist.
Lead transport behavior
Based on the two-dimensional distribution images, the lead transport behavior of B. niponicum can be explained as follows. Some of the lead contained in lead compounds in the rhizosphere of B. niponicum is dissolved and absorbed as a water-based solution by the root tips. Most of the absorbed lead is retained in the cell walls of the tracheids, but some is transported with the transpiration stream to the parts of the plant above the ground. Although lead is retained in the cell walls of the tracheids, it ultimately reaches the stomata (exits of water vapor) and water pores (exits of bleeding sap). At these points, water leaves the plant and lead is deposited at high concentrations. Because the absorbed lead was not detected in the parenchyma, other than in the vascular bundles, it is thought that a mechanism does not exist for the transport of lead beyond the Casparian strip in B. niponicum.
Conclusion
We have for the first time succeeded to obtain two-dimensional distribution images of lead in the pteridophyte Blechnum niponicum utilizing SR-m-XRF analysis. Most of the lead solubilized in the rhizosphere is fixed in the conductive tissue, with the remainder being transported with the transpiration stream to the above-ground parts of the plant. Lead transported to the upper parts of the plant ultimately remains at the terminal point of the transpiration stream, including guard cells and water pores. The results from this study will provide important information for our better understanding of the mechanisms of lead hyperaccumulation by plants. Fig. 8 Relationship between the X-ray intensity of lead and the Xray intensity of zinc at each mapping point in the sorus. The 2D-image shows the X-ray intensity ratio of lead to zinc in Fig. 7 .
